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EFFECT OF VELOCITY AND TEMPERATURE
FLUCTUATIONS ON PITOT PRNBE MEASUREMENTS
IN COMPRESS.B.k FLOW

't-ul
James [, Danborg

ABSTRACT: The effect of velociiy and temperature fluctuations
on the pressure indicated by a Pitot probe has been analyzed
for the compressible case assuming negligible static pressure
fluctuations., This analysis is based on the assumption that
the Mach number fluctuation in the free stream ahead of the
probe affect the Pitot presaure directly., As a result, the
measured Pitot pressure divided by the static pressure is not
Just a function of the average Mach number and the ratio of
specific heats as it is in steady flow, In order to correctly
interpret Pitot pressure measurements in a turbulent boundary
layer it is nsacessary to separate from the measurements the
effecta of the Mach number fluctuations,

The results of the analysis show that the velocity fluctuations’
directly and also via the temperature fluctuations, cause the
indicatad Pitot pressure to be greater than the Pitot pressure
associated with the time average velocity and temperature.
Velocity fluctuations cause an increase in the Pitot pressure
in proportion to the mean of the asquare of the fluctuation as
is already known for incompressible flow., The role of the
temperature fluctuations is to increase the offect of the
valocity fluctuations on the measured pressure, Heat transfer
into the wall, acting through the temperature fluctuations, -
has a reverse effect.
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Effect of Velocity and Temperature Fluctuations on Pitot
Probe Moasurements in Compressible Flow

This report is a theoretical analyais of the effect of fluctu~-
ating velocity and temperature (as in turbulconce) on the
mcasurement of Pitot vreszure in compressible flow, This

type of information has applicetion in estimating possible
measuroment errors in experimunial hypersonic turbulent boundary-
layer research, In such research it is particularly important
10 measuro the Pitot pressure accurately in the vicinity of

the wall becauzus 3urit an “mnortant parameter as skin friction

i8 sensitive to tuis measurc.ti{, The results of the analysis
indicate that velocity fluctu:cions directly and also indirectly
through the temperaturc fluctuations increase the Pitot pres-
sure above thu Pitot prescure associated with the fime average
volocity and temperature, Therefore, if accurate pressures

are ruquired, this effect nust be considered.

This analysis was performed in connection with the experimental
program of measuring the characteristics of the hypersonic
turbulent boundary layer which is jointly sponsored by the
Bureau of Naval Weapons under Task No., RMGA~42-034/212-1/
F009-10~001 and Special Project Office, Bureau of Naval

Weapons under Task No, PR-9.

¥. D, COLEMAN
Captain, USN
Commander

FLORIAN GEIKNEDER
By direction
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defined in rabie i
2,  dig
dy
ratio of specific hcats = 1.4
boundary--layer total thickness

u'

U

angle between instantaneous velocity vector and
U - component

viscosity based on wall temperature
density based on wall conditions

hear
near

a bar over any synhol indicatss time average

a prlme after any symbol indicates the fluctuating
part of “he gquantity indicated by the symbol

Subscripts

m max daum value

nditions

frae-stream conditions
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Ay I T I T local

Lo dircct measurement of ocal shear sires:s 13
difficult under any ccaditiorn bat particularly so iu hyper-
~nin turbulent boundary layers. The indirect method of
svaluing skin friction from boundary-laycr surveys ‘nnears
simpler to perform ciperimentally than employing a -° n-»
friction balans 2, For example, the wall shear stress can he

rVeoylated from

,
: 1. The

v
0]

o

Iw = /{J:.w C..,

oo
=

!
i
o~
3ot
N

?

>

where p,, = coefiicient of viscosity based on Ty
Cw = velocity of sound based on Ty
4 where (oM 2¥)y is the Mach nwrber gradient based on
v excrapolation ¢f the Mach number profile to ific wall. The
dach number profile ic obtained from Pitot probe surveys and

<)

1ae local ctatic press:r . There are, however, questions
concerning the interp - ation of these probe measurements in
. a turbulent flow.

2. In steady laminar flow, the pressure indicated by a
Pitot probe can be related to the local Mach number because
tue Pitot pressure uniquely depends on the square of the Mach
number “n ihe Iryee stream ahead of the probe. For example,
in compressible flow (M = 1) 3’/7 ‘

! i 1 2:—‘
;;)/ozl.

(2)

N

M

™)

and in supersonic flow (Rayleigh Pitot Formula M =1). y '
ry+1 AT g b 7-
’/D*g"—"M (3)

i
2 oy M2 (714

3. A problem exists, nowever, when the flow is turbuler:
because the fLuctuatlons in the fice stream ghead of the p:-*=
ffect the pressure indicated by the probe. Fven close to
the wall, in the laminar sublayer region, existing experimental
data indicate that the fiuctuations are large c ._mpared with
the mean value, The following is an estimate of the effect
these fluctuations .a z on the prcbe reading with particular
attention to ihe region near ihe wall in a cupersonic turbu-
tent boundary layer.
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ASDUMP

. s wuwi obvious from the relation between the

uniform ILOW Pitot pressure and free~stiream Mach number

(egs. {2) and (3)) what type of relation exists between the

.ime average Pitot pressure and the time average Mach number,

Tf it is a=x umed that eguations (2) and (3) hold instantaneously
for the time dependent guantities, then a particularly simpis
reiation is obtained if both equntions (2) and (3) are approxi-
mated by:

3 l!Z

P/p = |4 M (4)

This approximation predicts the uniform flow Pitot pressure
within 12 percent in the region 0 = M = 2 (gec fig. 1). This
range of Mach number is acceptable for the present purposes
because the region of perticular interest in the turbulent
boundary layer is near the wall whers ihe Mach number is two
¢r less. The probe reading then is simply the time average
of the instantaneous pressuxe (eq. (4)).

R/P =1+ M* (5)

S, Scome Jdustification cun be given in the subsonic case
for employing the time average of the approximation to equation
(2). That is, it the time average is taken of the time de-
pendent momentum equation along a streamlime, written in terms
2% the total to static pressure ratio and Mach number, the
result obtained is equation (5), This mighi be expected since,
in tne incowpressible case as considered bv Goldstein. the
same kind of result is obtained (ref. (a)).

6, It is, however, much moxre difficult to show that
eqguation (3) is valid in ih= presence of turiwience, Generaslly
it is assumed thact eqguation (3) does hold for slowly changing
flow conditions, Jn this connection several theuretical
papers (refs, (b), (c¢), and (d)) concerned with the changes
aroduced in a shear wave as it passes through z shock wave
start with the assumption that the steady state shock-wave
relations (Rankine-Hugoniot relations) hold instantaneously
ior the flow variables as they pass through the shock waves.,
Inberent in this assumption are the limitations that the
disturipances are small qnd that the rates of change of the
210% variables are much "slower" than the speed with which
the shock wave is able to adiust to Lhe new cunditiuns. This
is ap area where mnore experimental W
gualitatively determine the limltations.




7. xhexefn i » > of contradictory experimentzl

ar thaorotical M vat (5) will Lo assumen i1 tho

fellowing appro

8. fhe average pressure in equation (5) depends on M2

and not on M2 so that if the instantaneous Mack number can
written as a mean value plus ating component
_:4‘

MZ de 1arger than M2 by the amount M’*o The tic pressure
has been assumed coustant through the boundary layer and
imdependent of the fluctuations, A brief discussion justifying
this assumption is given by Xistler in rceference (e) in con-
nection with the interpretation of hot-wire measurements., If

pl

o 18 defined as a Pitot pressure associated with a Mach number

M corresponding to the time averasc velocity and total tempera-
ture,

+ v
YR(To-V2/2Cy)

then eguaticns

v~

== g
5./p reduces to estimating M2/M2,

The problen of Fo

FORMULATION OF M2 ~ RELATION

9. The instantaneous Mach number squared can b= written:

~

7 2
b — 2 L " =
M® =V Y R (83
he instantaneous static temperature is:
o)
T="T.—- V°2¢C, (9)
In this formula V is the magnitude of the resultant velocit ty

vector which can be written:

U = Vcos 8

it the cross components of the fluctuaticns are snall
is nearly equal to U, hecause the angle between V and

3
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smatl. When each of the variables in equations (3) and (9) is
repiaced By a mean valae plus a fluctuating comounent; 1.e., ‘
—— R 1
U= U+ J
£\ 1]
T = :I‘-' . (il;
o o + lo

ami when the sgquare of the Mach numbev is formed from i and
T as follows (cos 6 == 1):

o]
_—7
= o i
M = o — (12)
(Note that M is not necessarily equal to the time average
Mach number but is a Mach number associated with the time
average To and U,)
e
=
SR &3 3 ;
SE then substitution of equations (9), (1l1), and (12) into equation

{8) results in

“

W2 (T2 RO+ Ta (0 +U)Y/ 2C5)

Xl

Ma P 2'[‘3‘+Tj" (13)
.4.."‘_ —_—~—2 = — ! iL{ y ,
T ! \ U U M \ YT —2'/ C )
> t'+ﬁr - ;‘;’{é?: (=? / -r5~l) 2 P
A ° Cel U U M/(

10, The total temperature fluctuations ¢
by considering a small element of volume in t
with properties Top, I'i, U} {(element (1)) wni
placed by a component in velocity normal to the mean stream-
lines into another regiocn. 1In the new region just before the
RO introduction of the fiuid from element {1) the properties were
Togs T2, Ug. A stationary observer in the latter region

observes fluctuations in each property, namely Uz - Ui,

This suggests the possibility of relating

an be approximated
he boundary layer
chi is belng dis-

L

m 7| L a9 - m
LO:-)‘ -~ 1‘01, f,_: L]

\
5 the fluctuations in T and To to the iluctuations in U, If
S jt is assumed that the average total tempcrature is just a

function of the average velocity, a concept carried over from
laminar boundary-layer theory; and if U' is a small velocity

difference hetwecn the two regions of fluid, then the differ-

ence in To betwsen thesc same two layers of fluid can be

approximated bv:

W

i)
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Using the definitions:

/R .-

h =

A - (16)

v

n in equalion ( i results
ies of ihe form;

7

equation (L7) converges for M <« 2 if 6 = 0 and M' < 1,0 (see
Appendix A), When B8 > 0 i.,e., heat transfer into the wall,

the range of convergence is increased., In ordsr to obtain
numerical results it is assumed that M' and thus 7 are so small
that terms in equation (17) of higher order than Agn< are
small, If then, the time average is taken of equation (17)

one obtains the result;:

= i+[i+b wb{e- pllerbiz-PINE g

9) can be used in conjunction with equation (7} to
e Pitot pressure ratio correspond tc the avcrage

n. miat he firet oeqti-
To: rijaately, the iterat.on
converages rapidly. ; on the measured Pitot
pressure ratio (pg/P) is a good first choice.




11. In ocider to complete the calculation, values of qz
¢ requiicd For the compressible case-~. ine available com-~
ssible-boundary-layer information on this quantity {(refs.
, (£), and (g)) is limited. Measurements closest to the
wall are at a y' = 80. ‘iae magnitude of (6'/9)2 is, in general,
within che scatter of the incompressible data, although Kistler's

data (ref. (e)) deoes iwmdicate a decrease of (U'/U)2 with in-
creasinz Mach number. Bccause of this, il appears reasonable
and conservative to employ the incompress.ble data {fig. 2)
near the laminar sublayer where similarity in the vt versus y*
rofile is expected even in the compres:s aie case.

COMPARISON WITH HUT-%IRF EXPERIMENTS

£

temperature fluviuations ovn ihe PLIOT pressure measurenénts,
the relaticn between temperature and velocity employed in the
above equations wiil be compaved with the experiments of
Morkovin and Kistler (vrefs, (f) and (g)). The temperature
fiucituations can be expressed by )

U

s U’
:_rT-_-=-4.T—'K.‘L(2'/~’>)("’ i (20

12. Refore calculating the =ffect of the velocity and

The roct-mean-square values of the left- and right-hand side
of this equation and neglecting higher order terms provide

a relation between temperature and velocity fluctuations,
t - - _ \ 3!
/T Ll ge(2-p Uz
= - L (21)

t

13. TFigures 3 and 4 show the messurements of refe ence
(f) of the rms U'/U and tms T'/T, respectiveiv. The ilne
drawn in figure 3 represents the mean oi the datz, The
velocity fluctuaticn distribution represented by the line
was then transformed by equation (21) intc temperzture
fluctuations and ploited in figure 4. The required value of
B was computed from the mean profiles a< given in the reference,
As figure 4 illustrates, eguation (21) estimates both the mag-
nitude and the trend of the data. A similar calculatioen was
performed on the data of reference (g) and the resulting cal-
culeted points are shown with the measurements in figure 5.
Ir this case eech point was transformed inte temperature
fructuaiions. The agreement 1s again good.

14, The covrelation coerficient as calculatecd from the

above equations also compares favorgbly with the experiment of
reference (b)), that is:

— T N e = 2
3 e e d Y oK FTT i 430 B T PR CRI
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T (22)

This result wus to be expected since similarity in the mechanism
hoat and =omentum transfer was assumed., The neasured cor-
(ref. {?)) is shown in figure 6 and

tween -,85 and -.50. Kistler in reference {g) also
ates that the correlation coefficient is about ~.7.

ULATION OF PITOT PR

(VTS IR VS

AND DISCUSSION G

PRV Y i

SSURE CORERECTIONS
F RESULTS

15. Basically, equation (198) can be combined with equation
(73 and by using the incompressible rms U'/5 versus yt values
the ervor in Pitot pressure due to the tiuctuastions can be
obtained as a function of the Ltocal average Mach number and
heat transfer. iHowever, because of the rumber of parameters,
it is not possible to give a zomplete picture of ithe effect
and each situation must be computed separately. Nevertheless,
the results can be illustrated by calcu g the percentage
change in Pitot pressure as a function of local Mach number for
different fluctuating velocity levels and by assuming the total
temperature fluctuations are zero, This last assumption
(i.e.; B = 0) corresponds to zero heat-transfer conditions in
the analysis leading to equation (J4). The cffect of positive
B, the most important practical case, is to decrease Lhe error
in pressure. Tables 1 and 2 contain the result of suct
camputation hased o eqguations (7)Y and {(1Q),

16, In order to demenstrate the effect of .his analysis
as it would be applied, the rollowing example has been calcu-
lated. Shown i. figure 7 (curve A) aie the P’itot pressure
ratio measurements in a region extending from the wall to 1/2
mu into a Mach number five turbulent boundary layer (ref. (i)).
The pressure tends toward the static pres.. *at the wpll,
The solid line drawn through the data represents an arbitrary
interpolation for which the corresponding skin-friction coef-
ficient is 1%Z.3 x 10-4, The difference between curve A and B
1s the cerrection to the Pitot pressure when equation (19)
with 8 = 0 and equation (7) are used in connection with fagure
2. The solid line through this data corresponds to a skin-
friction coefficient of 10.8 x 10-4 or a reduction of 12 per-
cent., This calculation assumes negligible total temnerature
fluctuations, The curve marked ¢ includes the estimated
total temperature fluctuations and was computed using equations
{7) and (19) and figure 2. 'the skin-friction cceificient in
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this case is 8,5 percent below the original data., The totul
temperature gradient at the wall divided by the velocity
gradient at the wall was used in calculating 8,

17. It is necessary to make a remark ahout the application
of the above effects within the laminar sublayer. In that
region tue percentage velocity fluctuations reach a maxinmum.
However, the fluctuations are generally believed to be basically
one dimensional without the cross components that are charac-
teristic of turbulence although this has not been conclusively
proven, If, however, it is true, then the convection of fluid
normal to the mean flow does not take place and the effects
associated with heat transfer are not involved. That is,
under this assumption, even with B8 not zero, the heat-transfer
term should not be retained in the laminar sublayer.



(a)

(b)
(c)
(d)
(e)

(£)

(g)

(h)

(1)
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Table 1
POSSIBLE ERROR IN PITOT PRESSURE
8p&/PY
(Zero Heat Trunsfer (8 = 0))

(u'/7)2
a .05 .10 .18 ,185
. 0.0 1.00 0.0 0.0 0.0 0.0
0.5 1.26 .0098 0194 .0288 0352
1.0 2,16 .0486 .0923 .1323 .1882
1.5 4,06 .1288 02292
2.0 7.56 <2372
| |
A~ -~
Z& FL F%"F% - - d - ’D
LA VNI (g
o ° |+ O g
U Y,

= {+b+b(2-8)(2+b(2-3))

lF/}"O ANDY = 1.4
ML ARY
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Table 2

ROOT-MEAN-SQUARE MACH NUMBER FLUCTUATIGNS

(/02

M .05 .1c .15 .185
5,0 0.0 8.0 0.0 e.0
C.5 .125 .178 .217 .241
1.0 3285 .464 . 569 .632
1.5 j 724 i.024
2,0 1,229
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APPENDIX A

A-1., The foregoing analysis develioped to estimate the
effecs of Mach number fluctuastions on the pPator pressure does
not apply if the expans~cu of equation (1) into the infinite
ser.es equation (17) does not converge., The following analysis
indicates the series does converge in certain ranges of
and 5., These ranges can bha calculated as {ollows,

A~2, Given the infinite series:
2
- / L A 2l s & » n s e 0
%) Ao TRyt An n-+ (L7

Ay = bA, *+ B2 B)A., 19)

Sucu a series converges absolutely 1f in ihe 1imit as n approaches
infinity, the absolute value of the ratic of successive terms of
the series 1c less than unity, i.e.,

tim ] Aney 7

v - co IA“ l < | (A1)
From (18):
A“l oAt b(2-4] An ,,(l'
A /Y! lb( - )Ah_.‘+bAnJ_ I (A-2)
Subhstitute for An
Ah = bAvl_'L'}' b(’z_/3)A‘n-\

, o
1y BB ) A, )+ 2B |
il ~ i
A 11T (2Bl A A0, ¥ i

(A-3)
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A-3, a iimitatie~n can be placed on thc magnitude oi 1 by
assuming the Mach number finctuatienc are subsonic and do not

effect the static pressure. From eguaticn (15)
] «nl
g - i
n - = ===

e U
Where M' << 1, the maximum valu2 that 7, can have is
N =M
| l ‘ iv
t
Thus, the savies converges when th

ficient ratio is:

{
| A

A ny

In the iimit as n - o0, the follewing also hoids

R i'ﬂy« \l

v ion i = [_L'
Ly v [r\V\-l — \/

= —

n - o

| Ana | 2]
Substitution of equation= (A-5) and (A-6) into equation (A-3)
results in an equation governinﬂ the mavimum values of b and

B such that , V=
b (2-8)° [N b 20|
(2-BiMnt | g

If consideracion is limi‘ted to values of B; < 2 gcvery term in
equation (A-7) is positive and the absolute sign can bhe droppea.
After rearrangement the condition on M and 8 .n order that the

P - TR =
ceries convergs abkscliutely is

(A-6)

!
M

~
S5 = 4

m - _ s _Nn (A-8)
(- (2 £,

M

or if\(\:
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A-4, The results are summarized in the following teble,

2t

Heat transfer
f-um the wall

Adiabalic

lesat transfer
to the wall

O O O
°

-
.
*

L]
QUO UK [} [¢ )

DO 1= =t
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